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Natural Next-to-Minimal Supersymmetric Standard Model (nNMSSM) is featured by predicting
one CP-even Higgs boson satisfying mh1 . 120 GeV and Higgsinos lighter than about 300 GeV, and
consequently the cross section for DM-nucleon scattering in this scenario is usually quite large. We
study the diphoton signal of the light Higgs boson in nNMSSM by considering the tight constraints
from the latest LUX and PandaX-II experiments, and we conclude that the optimal value of the
signal rate at 8 TeV LHC is greatly reduced in comparison with earlier predictions. For example,
previous studies indicated that the rate may exceed 120 fb for mh1 ' 80 GeV, while it is at most
25 fb if the lightest neutralino in the scenario is fully responsible for the measured DM relic density.
We also investigate the case of mh1 ' 98 GeV which is hinted by the excesses of the LEP analysis on
Zb¯b signal and the CMS analysis on the diphoton signal. We conclude that nNMSSM can explain
simultaneously the excesses at 1σ level without violating any known constraints.
I. INTRODUCTION
The hierarchy problem of the Standard Model (SM)
usually implies a more complex structure in Higgs sector
to explain the electroweak symmetry breaking. In the
present context of continuing efforts paid to search for
new particle at the upgraded LHC, it is one of the prior-
ity to look for extra Higgs bosons. Since experimentally
photon is a very clean object and can be reconstructed
with a very high precision, the diphoton signal of the
bosons has been considered as the golden channel in the
search, especially when the bosons are moderately light,
and one remarkable achievement in this direction is the
great discovery of a 125 GeV Higgs boson in 2012 [1, 2].
On the theoretical side, supersymmetric theory provides
an elegant way to stabilize the electroweak scale and is
regarded as one of the most promising candidates of new
physics. However, in order to accommodate a Higgs bo-
son with its mass around 125 GeV in the Minimal Super-
symmetric Standard Model (MSSM), the contribution to
the mass from higher order correction is required to be
very close to its tree level value which seems rather un-
natural [3]. As a result, non-minimal supersymmetric
theories have drawn a lot attention in recent years. In
this work we concentrate on the Next-to-Minimal Super-
symmetric Standard Model (NMSSM) [4] which is the
simplest extension of the MSSM with one singlet Higgs
field. To be more specific, we study the diphoton signal
of the lightest CP-even Higgs boson in the most attrac-
tive scenario of the NMSSM, which is dubbed as natural
NMSSM (nNMSSM) [5].
The essential feature of nNMSSM is that among the
three CP-even Higgs bosons predicted by the NMSSM,
the next to lightest one corresponds to the 125 GeV
Higgs, which is usually called the SM-like Higgs boson,
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and in order to achieve this the Higgsino mass param-
eter µ is preferred to be lighter than about 300 GeV
[5, 6]. In this scenario, the Higgs mass can be lifted by
both singlet-doublet-doublet Higgs coupling and singlet-
doublet Higgs mixing, and consequently its value can be
easily enhanced to 125 GeV without the large radiative
correction [6–10]. This fact along with the condition
µ . 300 GeV makes the theory rather natural in pre-
dicting Z boson mass [11].
It should be noted that the lightest CP-even Higgs in
nNMSSM (denoted by h1 hereafter) is rather peculiar.
First, since it is lighter than about 120 GeV, its proper-
ties have been tightly limited by the LEP experiments
[12] and also by some analyses at the LHC [13, 14]. Con-
sidering that the invariant mass of the diphoton signal
can be determined rather precisely in experiment, its fu-
ture observation at colliders will provide a robust clue to
popular singlet extensions of the SM, and may also be
used to distinguish the NMSSM from the MSSM since
the latter can not predict such a spectrum after con-
sidering relevant experimental constraints. Second, the
recent dark matter (DM) direct detection experiments
such as LUX and PandaX-II have imposed strong con-
straints on supersymmetric models [15]. In this case, the
existence of a light CP-even Higgs boson is favored to re-
lax the constraints since in certain parameter space, its
contribution to the spin-independent (SI) cross section
of DM-nucelon scattering is comparable but with oppo-
site sign to that of the SM-like Higgs boson so that the
cross section is greatly reduced [15]. Finally, there are
experimental hints on the existence of a light scalar. For
example, both the LEP analysis on Zb¯b signal [16] and
the recent CMS analysis on diphoton signal at LHC Run-
I [14] have observed a 2σ excess over the corresponding
background, which may be explained simultaneously by
the presence of a CP-even Higgs boson with mass around
98 GeV (about NMSSM explanation of the Zbb¯ excess,
see [17–25]).
So far there are numerous discussions on the proper-
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2ties of h1 in nNMSSM and its future detection at the
LHC [26–57], especially the diphoton signal of h1 at the
LHC was intensively studied in [44–59]. These studies
indicated that there exist some parameter regions where
the couplings of h1 with down-type quarks are more
suppressed than those with up-type quarks and vector
bosons so that the branching ratio of h1 → γγ can be
greatly enhanced. In this case, the diphoton rate may be
several times larger than its SM prediction for the same
scalar mass [45]. In this work, we update previous stud-
ies in this subject by considering the constraints from
DM physics, especially the impacts of the recent LUX
and PandaX-II experiments [60–62] on the theory. Our
results indicate that the DM experiments are very effi-
cient in excluding the parameter space of nNMSSM even
if we assume that the lightest neutralino in the scenario
constitutes only a small fraction of the DM in the Uni-
verse. As a result, previous results on the diphoton sig-
nal are exorbitantly optimistic. For example, compared
with the latest study on the diphoton rate in [57], we
find that the maximal theoretical prediction of the rate
for mh1 = 80 GeV drops from more than 120 fb to about
25 fb after including the constraints. We also consider
the case of mh1 ' 98 GeV to study whether nNMSSM
can explain simultaneously the excesses reported by the
LEP and CMS experiments. We conclude that even if
the lightest neutralino is required to be solely responsi-
ble for the observed DM relic density, nNMSSM can still
explain the excesses at 1σ level without violating any
known constraint.
This paper is organized as follows. In Section 2, we
recapitulate the basics of the NMSSM which are help-
ful to understand the results of this work. In Section
3 we investigate the diphoton rate of h1 by performing
an intensive scan over the vast parameter space of the
NMSSM with various constraints. Different features of
the rate are shown by deliberate figures. In Section 4
we turn to investigate wether nNMSSM can explain si-
multaneously the excesses observed by LEP and CMS
experiments. Finally, we draw our conclusions in Section
5.
II. BASICS OF THE NMSSM
As one of the most economical extensions of the
MSSM, the NMSSM introduces one gauge singlet Higgs
superfield in its matter content and usually adopts a Z3
symmetry in the construction of its superpotential to
avoid the appearance of dimensional parameters. In this
work we impose the Z3 symmetry and the NMSSM su-
perpotential and soft breaking terms in Higgs sector are
[4]
WNMSSM = WF + λHˆu · HˆdSˆ + 1
3
κSˆ3, (1)
V NMSSMsoft = m˜
2
u|Hu|2 + m˜2d|Hd|2 + m˜2s|S|2 (2)
+ (λAλSHu ·Hd + 1
3
κAκS
3 + h.c.),
where WF is the superpotential of the MSSM without
the µ-term and Hˆu, Hˆd and Sˆ are Higgs superfields with
Hu, Hd and S being their scalar components, respec-
tively. The dimensionless coefficients λ and κ parame-
terize the strengthes of the Higgs self couplings, and the
dimensional quantities m˜u, m˜d, m˜s, Aλ and Aκ are soft-
breaking parameters. In practice, the squared masses
m˜2u, m˜
2
d and m˜
2
s are traded for mZ , tanβ ≡ vu/vd
and µ ≡ λvs as theoretical inputs after considering
the electroweak symmetry breaking conditions [4], where
vu, vd, vs represent the vacuum expectation value (vev)
of Hu, Hd, S fields, respectively.
Due to the presence of the superfield Sˆ, the NMSSM
contains one more complex Higgs field S compared to
the MSSM, and a singlino field which is the fermion
component of Sˆ. Consequently in the NMSSM there
are three (two) CP-even (CP-odd) Higgs particles cor-
responding to the mixings of the real (imaginary) parts
of the Hu, Hd, S fields, and five neutralinos composed
of bino, wino, higgsino and singlino fields. Throughout
this paper we denote these particles by hi (i = 1, 2, 3),
Ai (i = 1, 2) and χ˜
0
i (i = 1, · · · 5) respectively with
the convention mh1 < mh2 < mh3 , mA1 < mA2 and
mχ˜01 < mχ˜02 < · · · < mχ˜05 . In the following we briefly
introduce the key features of these particles, which is
helpful to understand the results of this work.
A. The Higgs sector
In order to present the mass matrices of the Higgs fields
in a physical way, we rotate the fields Hu and Hd as [4]
H1 = cosβHu + ε sinβH
∗
d , (3)
H2 = sinβHu − ε cosβH∗d , H3 = S,
where ε is an antisymmetric tensor with ε12 = −ε21 = 1
and ε11 = ε22 = 0. After this rotation, the redefined
fields Hi (i = 1, 2, 3) have the following form
H1 =
(
H+
S1+iP1√
2
)
, H2 =
(
G+
v + S2+iG
0√
2
)
, (4)
H3 = vs +
1√
2
(S3 + iP2) .
where H2 corresponds to the SM Higgs doublet with
G+, G0 being the Goldstone bosons eaten by W and Z
bosons respectively, and H1 represents a new SU(2)L
doublet scalar field with no coupling to W and Z bosons
at tree-level.
In the CP-conserving NMSSM, the fields S1, S2 and
S3 mix to form three physical CP-even Higgs bosons. In
the basis (S1, S2, S3), the elements of the corresponding
3mass matrix are given by [4]
M211 = M
2
A + (m
2
Z − λ2v2) sin2 2β,
M212 = −
1
2
(m2Z − λ2v2) sin 4β,
M213 = −(
M2A
2µ/ sin 2β
+ κvs)λv cos 2β,
M222 = m
2
Z cos
2 2β + λ2v2 sin2 2β,
M223 = 2λµv[1− (
MA
2µ/ sin 2β
)2 − κ
2λ
sin 2β],
M233 =
1
4
λ2v2(
MA
µ/ sin 2β
)2 + κvsAκ (5)
+ 4(κvs)
2 − 1
2
λκv2 sin 2β,
where MA represents the mass scale of the doublet field
H1, and is given by
M2A ≡ m2P1P1 =
2µ
sin 2β
(Aλ + κvs). (6)
This mass matrix indicates that the squared mass of the
SM Higgs field S2, M
2
22, gets an additional contribution
λ2v2 in comparison with the MSSM expression, and for
λ2v2 > M2Z its tree-level value is maximized with tanβ '
1. This matrix also indicates that if the relation m2S3S3 <
m2S2S2 holds, the mixing between the fields S2 and S3 can
further enhance the mass of the SM-like Higgs boson. In
this case, h1 is a singlet-dominate scalar while h2 plays
the role of the SM Higgs boson. Benefiting from the
above contributions, mh2 ' 125 GeV does not necessarily
require a large radiative contribution from stop loops [6–
10]. Due to this attractive feature, the scenario with h2
corresponding to the SM-like Higgs boson was usually
called natural NMSSM [5].
The mass matrix in Eq.(6) can be diagonalized by an
orthogonal 3×3 matrix V , and consequently the physical
states hi are given by
hi =
3∑
j=1
VijSj . (7)
With this notation and also noting the fact that current
LHC data have required the properties of the 125 GeV
boson to highly mimic those of the SM Higgs boson, one
can infer that the normalized couplings of h1 in nNMSSM
with SM particles take following form
Ch1uu¯ ' V11 cotβ + V12, (8)
Ch1dd¯ ' V11 tanβ + V12, Ch1V V = V12.
Since so far sparticles and charged Higgs bosons are pre-
ferred to be heavy by the LHC searches for new particles,
their influence on the h1 couplings is usually negligible
[5]. Therefore we can approximate the diphoton rate of
h1 at the LHC by the following formula
σγγ ≡ σ(gg → h1 → γγ)
= σ(gg → h1)×Br(h1 → γγ)
' C2h1uu¯σSM(gg → h1)
C2h1uu¯Γ
SM
γγ
Γtot
' C4h1uu¯
ΓSMtot
Γtot
× σSM(gg → h1)BrSM(h1 → γγ)(9)
where σSM and BrSM are the cross section and branching
ratio of a SM Higgs boson with same mass as h1 respec-
tively, and Γtot is the total width of h1 given by
Γtot = Γbb¯ + Γcc¯ + Γττ¯ + Γgg + · · ·
' C2h1dd¯(ΓSMbb¯ + ΓSMττ¯ ) + C2h1uu¯(ΓSMcc¯ + ΓSMgg )
+ · · · . (10)
Eq.(9) and Eq.(10) indicate that the diphoton rate of
h1 in nNMSSM may be moderately large if Ch1bb¯ ' 0
(achieved by accidental cancelation between V11 tanβ
and V12) and meanwhile Ch1uu¯ is not suppressed too
much. This is possible in some corners of the NMSSM
parameter space [45, 57] which is what we are interested
in. These equations also imply that an enhanced dipho-
ton rate is usually associated with a suppressed bb¯ signal
of h1. This correlation can affect our explanation of the
98 GeV excesses observed by LEP and CMS experiments.
Throughout this work, we use the public code SusHi 1.5
[63] to obtain the NNLO gluon fusion production cross
section for a SM-like Higgs boson, and multiply it by
the normalized ggh1 coupling given by NMSSMTools [64]
to get σ(gg → h1). We checked that the cross section
for the bottom fusion production of h1 is usually signif-
icantly smaller than σ(gg → h1), and thus can be safely
neglected.
Similarly the fields P1 and P2 mix to form CP-odd
Higgs bosons A1 and A2. One subtle point about the
pseudoscalars is that the LHC search for non-standard
Higgs bosons has required the doublet-dominated one to
be heavier than about 400 GeV, while the dominated one
may still be arbitrarily light. An important application
of this feature is that the mass of the singlet-dominated
pseudoscalar can be tuned around 2mχ˜01 so that a mod-
erately light χ˜01 can annihilate via the resonance to result
in a correct relic density and also sizable cross section for
DM annihilation in Galactic Center [65, 66].
B. The neutralino sector
The neutralino sector of the NMSSM consists of the
fields bino B˜0, wino W˜ 0, higgsinos H˜0d,u and singlino S˜
0.
Taking the basis ψ0 = (−iB˜0,−iW˜ 0, H˜0d , H˜0u, S˜0), one
4has the following symmetric neutralino mass matrix
M =

M1 0 − g1vd√2
g1vu√
2
0
M2
g2vd√
2
− g2vu√
2
0
0 −µ −λvu
0 −λvd
2κ
λ µ
 , (11)
where M1 and M2 are bino and wino soft breaking mass
respectively. With the rotation matrix N for the mass
matrix, neutralino mass eigenstates are given by
χ˜0i =
5∑
j=1
Nijψ
0
j , (12)
where the element Nij parameterizes the component of
the field ψ0j in neutralino state χ˜
0
i .
In supersymmetric models with R-parity conservation,
the lightest neutralino χ˜01 acts as a promising DM candi-
date. Given that µ is usually smaller than about 300 GeV
in nNMSSM [5, 6] and the LHC searches for electroweaki-
nos have required M2 to be larger than about 350 GeV in
simplified scenarios [67], one can infer that the dominant
component of χ˜01 prefers to be any of bino, singlino and
higgsinos. As has been pointed out by numerous studies,
in this case χ˜01 may achieve acceptable relic density in
the following regions [15]
• Higgs boson or Z boson resonance region, where
the Higgs may be any of the three CP-even and
two CP-odd Higgs bosons.
• Coannihilation region where χ˜01 is nearly degener-
ated with any of χ˜±1 , χ˜
0
2 and l˜ (l˜ represents the
lightest slepton).
• Large mixing region where χ˜01 has large higgsino
and singlino fractions.
As for the DM physics in nNMSSM, two points should
be noted. One is that since the higgsinos in nNMSSM are
not heavy, i.e. µ . 300 GeV, the higgsino components in
χ˜01 are usually sizable, which can enhance the couplings
of χ˜01 with Higgs and Z bosons. As a result, the cross
sections of DM-nucleon scattering tend to be large, and
thus are subject to the constraints from DM direct de-
tection experiments such as LUX and PandaX-II. In [15],
we have shown that such constraints are very strong in
excluding vast region in λ− κ plane, which implies that
the parameter region where the diphoton signal of h1 is
optimal will be inevitably affected. In fact, this is one
of our motivations to study the diphoton rate in light of
the DM experiments. The other point is that in most
viable case of nNMSSM, χ˜01 is singlino-dominated. Since
the interactions of such a χ˜01 are rather weak, it usu-
ally annihilated in early universe through the resonance
of the singlet-dominated pseudoscalar to get acceptable
relic density. This also imposes non-trivial requirements
on the parameter space of nNMSSM to affect the dipho-
ton rate.
III. DIPHOTON RATE OF h1 IN NNMSSM
In this section, we first perform a comprehensive scan
over the parameter space of the Z3 NMSSM by consider-
ing various experimental constraints, then we investigate
the diphoton rate in its allowed parameter space. We
present the features of the signal by deliberate figures.
A. Strategy in parameter scan
We begin our study by making some assumptions
about unimportant SUSY parameters. These assump-
tions are consistent with current LHC search for sparti-
cles, and they contain following items:
• gluino mass and all soft breaking parameters for the
first two generation squarks are set to be 2 TeV.
• all soft parameters in third generation squark sec-
tor are treated as free parameters except that the
relations mU3 = mD3 for right-handed soft break-
ing masses and At = Ab for soft breaking trilinear
coefficients are assumed for the sake of simplicity.
• all soft breaking parameters in slepton sector take
a common value ml˜. This quantity mainly affects
the muon anomalous magnetic moment.
With the above assumptions, we use the package
NMSSMTools-5.0.1 [64] to scan the parameters of the
Z3 NMSSM as follows:
0 < λ ≤ 0.75, 0 < κ ≤ 0.75, 2 ≤ tanβ ≤ 60,
100 GeV ≤ ml˜ ≤ 1 TeV, 100 GeV ≤ µ ≤ 1 TeV,
50 GeV ≤MA ≤ 2 TeV, |Aκ| ≤ 2 TeV,
100 GeV ≤MQ3 ,MU3 ≤ 2 TeV,
|At| ≤ min(3
√
M2Q3 +M
2
U3
, 5 TeV),
20 GeV ≤M1 ≤ 500 GeV,
100 GeV ≤M2 ≤ 1 TeV, (13)
where all the parameters are defined at the scale of 2 TeV.
To be more specific, we carry out two different sets of
Markov Chain scans to ensure our results as inclusive as
possible. The first set of scans aim at getting the samples
which satisfy the experimental upper bounds on DM relic
density and DM-nucleon scattering cross sections, and
the corresponding likelihood function we adopt is
L = Lmh2 × LBr(B→Xsγ) × LBr(Bs→µ+µ−)
×LΩh2 × Lσi , (14)
where Lmh2 , LBr(B→Xsγ) and LBr(Bs→µ+µ−) are like-
lihood functions for experimentally measured SM-like
Higgs boson mass, Br(B → Xsγ) and Br(Bs → µ+µ−)
respectively, which are taken to be Gaussian distributed,
and LΩh2 and Lσi denote the likelihood functions from
5the upper bounds on the DM observables with their ex-
plicit forms given in [68]. We select more than ten pa-
rameter points from the scan results in [15] which are
well separated in λ−κ plane as the starting points of the
Markov Chain scans. This set of scans, as were shown
by our practices, usually get samples with rather low h1
diphoton rates. The second set of scans are designed
to get the samples with a relatively large diphoton rate.
For this end, we first scan the parameter space with the
likelihood function
L = Lmh2 × LBr(B→Xsγ) × LBr(Bs→µ+µ−) × Lσγγ ,
where Lσγγ = exp
[
− (σ8TeVSM,γγ(h1)/σ8TeVγγ (h1))2] is used
to look for samples with large diphoton rates. After such
a preliminary scan, we obtain some representative pa-
rameter points characterized by a large diphoton rate
and meanwhile moderately large DM observables. Tak-
ing them as starting points, we then scan the parameter
space of nNMSSM again, but this time the likelihood
functions for the DM observables are included. Our re-
sults indicate that such a special treatment is essential
to get the desired samples.
For the samples obtained in the scans, we further re-
quire them to explain at 2σ level various B-physics ob-
servables, 125 GeV Higgs boson and muon anomalous
magnetic moment, and satisfy the upper bounds set by
LEP experiments, dark matter measurements as well as
ATLAS analysis on the diphoton signal of a light Higgs
[13]. All these quantities have been implemented in the
package NMSSMTools-5.0.1. Moreover, we impose the
constraints from the direct searches for Higgs bosons at
Tevatron and LHC with the package HiggsBounds [69],
the LHC searches for sparticles by detailed simulation1,
and also the Fermi-LAT observation of dwarf galaxy [70].
The constraints we consider here differ from those of
our previous works [11, 15] in the following aspects.
• First, we allow for the possibility that χ˜01 consti-
tutes a fraction of DM observed in the Universe. In
this case, the constraints from DM direct search ex-
periments set an upper bound on the weighted DM-
nucleon scattering cross section ΩLSP /Ω0 × σχ˜01−n
with ΩLSPh
2 and Ω0h
2 denoting the relic density
contributed by χ˜01 and the measured DM density
from PLANK [71] and WMAP 9-year data [72] re-
spectively. In practice, we use the latest bounds
of LUX and PandaX experiments on both spin-
independent and spin-dependent (SD) scattering
rates to set limits, and since a 10% theoretical un-
certainty is usually assumed in calculating Ωh2 by
the package MicrOMEGAs [73], we consider χ˜01 as
the sole DM candidate if 0.9 ≤ ΩLSP /Ω0 ≤ 1.1.
1 In our previous work [11], we introduced in detail how to im-
plement the direct search constraints from LHC Run-I. Here we
adopt the same way as [11] to impose the constraints.
• Second, we consider the constraint from Fermi-LAT
searches for DM-annihilation from dwarf galaxies.
Since the DM annihilation for each parameter point
usually includes a variety of channels in today’s
Universe, which is different from those single SM
final states assumed by Fermi-LAT collaboration
to set bounds [70], we actually require the 〈σv〉-
weighted number of photon predicted by the pa-
rameter point to be less than that calculated with
the Fermi-LAT bounds (see [74–76] for similar us-
age), i.e. 〈σv〉thNγ,th . 〈σv〉expNγ,exp where
Nγ,th =
∫ Eγ,max
Eγ,min
dEγ
dN thγ
dEγ
,
Nγ,exp =
∫ Eγ,max
Eγ,min
dEγ
dNexpγ
dEγ
, (15)
with {Eγ,min, Eγ,max} = {0.5, 500}GeV being the
photon energy range analyzed in [70]. In more de-
tail, we use the package micrOMEGAs [73] to ob-
tain the theoretical predictions 〈σv〉th and
dN thγ
dEγ
=
∑
f
Br(f)
dN
(f)
γ
dEγ
. (16)
We choose 〈σv〉exp = 〈σv〉bb¯ which denotes the
Fermi-LAT bound on the rate of the annihilation
χ˜01χ˜
0
1 → bb¯ [70]. We also utilize the photon spec-
trum dNexpγ /dEγ = dN
(bb¯)
γ /dEγ generated by the
code PPPC4DMID [77].
In order to check the validity of this simple way
to implement the constraint, we alternatively use
the method proposed in [78] and adopted in [79]
to exclude parameter points. The latter method
utilizes the likelihood function provided by Fermi-
LAT collaboration [80] and allows the variation of
the J-factor for each dwarf galaxy. We find the
two methods are consistent as far as our samples
are considered. Possible underlying reason for this
is that for the excluded samples DM annihilates
mainly via the mediation of A1 and consequently,
the dominant final state is either bb¯ or tt¯. Since
the shape of the spectrum dN
(tt¯)
γ /dEγ is similar
to that of dN
(bb¯)
γ /dEγ for a given mχ˜01 , as a good
approximation one may simply scale the Fermi-
LAT bound on 〈σv〉bb¯ to get that for 〈σv〉tt¯ [74–
76]. Moreover, we also find that the Fermi-LAT
constraint is rather weak and excludes only about
30 samples in our study. We checked that the ex-
cluded samples are featured by 100GeV < mχ˜01 <
200GeV, 0.3 < N213 + N
2
14 < 0.7, 2mχ˜01 > mA1
and 〈σv〉Today & 10−23cm3s−1. We remind that the
condition 2mχ˜01 > mA1 ensures that the DM anni-
hilation rate at current days is larger than that in
early Universe [65].
6FIG. 1. Left panel: the diphoton rate of h1 at 8 TeV LHC versus h1 mass for the samples surviving the constraints in the
scan and meanwhile predicting a moderate large diphoton rate, σ8TeVγγ ≥ 15 fb. Colors in this panel indicate how much χ˜01
constitutes the relic abundance today and the red dotted (blue solid) line corresponds to the current ATLAS (CMS) bounds
on the rate. Right panel: correlation of the normalized h1-gluon-gluon coupling Ch1gg to the ratio Γ
SM
tot /Γtot for the samples
in the left panel with the colors indicating the magnitude of σ8TeVγγ . Γtot denotes the total width of h1 predicted by nNMSSM,
and ΓSMtot is the width of h1 calculated by assuming that h1 has same couplings as those of the SM Higgs boson. Squares in the
panel represent samples with mh1 = 98± 3 GeV, which is the mass range favored by the LEP and CMS mild excesses.
TABLE I. Ranges of some dimensional parameters and masses
in unit of GeV obtained in the scans of this work.
Pi Range Mass Range Mass Range
M1 66 ∼ 350 t˜1 670 ∼ 1800 χ˜01 59 ∼ 220
M2 350 ∼ 860 b˜1 690 ∼ 1850 χ˜02 70 ∼ 280
MA 485 ∼ 1930 τ˜1 94 ∼ 670 χ˜±1 106 ∼ 320
µ 104 ∼ 330 A1 28 ∼ 420 H±1 470 ∼ 1950
• Third, we use the latest version of package
NMSSMTools to calculate various observables.
There are many improvements of this version over
previous ones, especially with the help of the pack-
age Lilith [81] which utilizes the recently combined
ATLAS and CMS analysis on 125 GeV Higgs at
LHC Run-I [82] to limit the model.
• Finally, in getting the physically viable samples of
nNMSSM, we do not require the fine tuning quan-
tities ∆h and ∆Z to be less than an artificial value
50 as we did in [11, 15], instead we only require
that h2 acts as the 125 GeV Higgs boson.
In the following discussion, only the samples satisfying
all of the constraints mentioned above are considered. In
Table I, we list the ranges of the dimensional parameters
in Eq.(13) and their prediction on the mass spectrum of
some particles. Note that these sparticle spectrums are
compatible with the direct searches for SUSY at LHC
Run-I.
B. Numerical results
Since most nNMSSM samples obtained in the scans
have a small diphoton rate of h1 and meanwhile span a
much wide parameter space, considering all of them in
discussion will make the figures presented below rather
disordered, and obfuscate the main conclusions of this
work. So in this subsection we only consider those which
predict σ8TeVSUSY(pp → h1 → γγ), hereafter denoted as
σ8TeVγγ , larger than 15 fb to simplify our analysis.
In the left panel of Fig.1 we show σ8TeVγγ versus mh1 ,
where the colors indicate how much χ˜01 constitutes the
relic abundance today and the red dotted (blue solid) line
corresponds to the current ATLAS (CMS) bounds on the
rate. This figure shows that there are still plenty of nN-
MSSM samples which can evade current LHC searches for
a light Higgs beyond the SM, despite many of them can
not solely account for the observed relic abundance. For
these samples, the maximal prediction of the h1 dipho-
ton rate at 8 TeV LHC is significantly smaller than the
prediction without considering the constraints from DM
physics, which was presented in [57]. Taking mh1 around
80 GeV as an example, we find that the signal rate can
reach about 70 fb if one allows χ˜01 to constitute only a
small fraction of the thermal relic (less than 10%), while
it drops to about 25 fb when the full thermal relic is re-
quired. By contrast, the h1 diphoton signal rate can ex-
ceed 120 fb if one completely ignores the DM restrictions
including both thermal relic and the latest direct detec-
tion bounds [57]. Also in some cases the DM constraints
are stronger than the LHC bounds in limiting the dipho-
7ton signal, e.g. for mh1 ' 80 GeV the ATLAS analysis
requires σ8TeVγγ . 90 fb while the DM physics restricts
σ8TeVγγ ≤ 70 fb.
We checked that the suppression of h1 diphoton rate
due to DM restrictions is general over a wide range of h1
mass, as can be seen from the sample distribution with
relatively large thermal relic (warm color) at the bottom
of left panel of Fig.1. To our best knowledge, this obser-
vation has not been emphasized sufficiently before and
should receive reasonable attention if one considers the
interplay between the Higgs (especially singlet extension)
and DM sector in supersymmetric models. Since our orig-
inal intention is to exhibit this connection in a sense as
general as possible by allowing a reasonably large num-
ber of NMSSM parameters to vary in the scan, a thor-
oughly analytical interpretation of the h1 diphoton signal
suppression related to DM constraints would be very dif-
ficult and nearly impossible. However, we can still get
non-trivial hints based on two factors involved in the in-
terplay. One is that Ch1bb¯ coupling should be strongly
suppressed in order to get an enhanced h1 diphoton rate
as indicated in Eq.(9,10), which limits nNMSSM param-
eters to certain regions providing a proper cancellation
suggested by Eq.(9), i.e.
V11 tanβ + V12 ∼ 0, (17)
where some detailed discussions about CP-even Higgs
mass matrix determining rotation matrix V can found,
e.g. in [51, 83]. Another one comes from the DD con-
straints in which the coefficients of the scalar type ef-
fective DM-quark operator used in calculating SI DM-
nucleon scattering rate should be suppressed, i.e.
Ch1χ˜01χ˜01Ch1NN
m2h1
+
Ch2χ˜01χ˜01Ch2NN
m2h2
∼ 0, (18)
where approximated formulae for Chiχ˜01χ˜01 , ChiNN can
be found in [84, 85] for DM scenarios featuring differ-
ent dominant components. This requirement also puts
strong constraints on the nNMSSM parameter space, es-
pecially those parameters shared in both two sectors such
as {λ, κ, tanβ, µ}. As a result, the Z3 NMSSM com-
promises the two requirements and results in a moder-
ately suppressed diphoton rate. Eq.(18) actually corre-
sponds to a well known scenario called Blind Spots (BS)
in SUSY models like MSSM and NMSSM. We refer inter-
ested readers to [85–88] (and references therein) for more
detailed discussions.
The left panel of Fig.1 also shows that for h1 with mass
smaller than mh2/2 ≈ 62 GeV where the LHC diphoton
bounds are not available, the diphoton signal are gener-
ally below 20 fb. This suppression is due to the kine-
matically opening of the exotic decay h2 → h1h1 for the
SM-like Higgs boson h2 which receives strong constraints
from the current Higgs measurement and thus pushes h1
further to the singlet component corner. Another related
case of h3 → h2h1 in nNMSSM can be found in [89]. It
should also be noted that in some other cases allowed by
the DM constraints, the diphoton rates can be very close
to the current LHC diphoton bounds. With the currently
updated collision energy at 13 TeV LHC and the future
high luminosity upgrade, these cases are very likely to be
discovered or excluded.
In the right panel of Fig.1 we show the normalized
h1-gluon-gluon coupling Ch1gg to its SM prediction with
the same Higgs mass versus the ratio of h1 total width
ΓSMtot /Γtot defined in Eq.(9). In this panel the colors indi-
cate the magnitude of σ8TeVγγ and the squares correspond
to samples with mh1 = 98 ± 3 GeV which is the mass
range favored by the LEP and CMS diphoton mild ex-
cesses. One can learn that although the singlet-dominant
nature of h1 causes an overall suppression of its couplings
to the SM fermions and thus to the gluons via the fermion
loop, Ch1gg can still reach about 0.35 which is crucial to
obtain a sizable h1 production cross section. On the other
hand, a significant suppression of h1 total width com-
pared to its SM prediction2 is also needed to increase the
diphoton rate as indicated by Eq.(9). This is the nat-
ural consequence of the dominant singlet component in
h1 which reduces the leading decay modes into bb¯, τ
+τ−.
We checked that for the samples with σ8TeVγγ around 30 fb,
Br(h1 → bb¯) is usually below 30% compared to about
90% for its SM prediction, and Br(h1 → γγ) can reach
3%.
As mentioned in Section I, the existence of a light h1
is tightly limited not only from the LEP measurements
but also from the DM observations. To pass the cur-
rent stringent bounds from LUX and PandaX-II exper-
iments, there must exist strong cancelations among the
contributions of the three CP-even Higgs bosons, which
would limit the nNMSSM parameter space into certain
regions. In order to illustrate this expectation, in Fig.2
we project the samples in Fig.1 on tanβ−λ planes (first
row), κ−λ planes (second row), µ−λ planes (third row)
and mH± −λ (last row) with the colors in left panels de-
noting the χ˜01 contribution to the thermal relic ΩLSP /Ω0
and those in right panels representing the magnitude of
σ8TeVγγ . Moreover, we also use dots, triangles and squares
in the left panels to denote samples with bino, higgsino
and singlino as the dominant component of χ˜01 respec-
tively, and squares in the right panels to denote samples
with mh1 = 98± 3 GeV. Obviously, given the horizontal
axis assigned to singlet-doublet-doublet Higgs coupling
coefficient λ for all panels, the samples only moves verti-
cally between panels with different paired nNMSSM pa-
rameters.
Fig.2 indicates that the samples in Fig.1 are dis-
tributed in two isolated parameter regions, which are
given by
2 In the following when we use the phrase ’its SM prediction’, we
mean the case where h1 is identical to the Higgs boson in the
SM except that its mass is adopted same as the prediction of the
NMSSM.
8• Region I: 0.1 . λ . 0.2, 6 . tanβ . 20,
0.02 . κ . 0.1, 100 GeV . µ . 190 GeV,
1 TeV . mH± . 2 TeV;
• Region II: 0.45 . λ . 0.70, 1.5 . tanβ .
3, 0.1 . κ . 0.3, 220 GeV . µ . 330 GeV,
450 GeV . mH± . 700 GeV.
Since the colors in the left and right panels correspond to
ΩLSP /Ω0 and σ
8TeV
γγ respectively, one can quickly iden-
tify that only part of samples in Region II can have χ˜01
capable of accounting for all of the DM relic density to-
day3. For these samples, χ˜01 is singlino-dominated which
can seen clearly from the enlarged region in the first row
of Fig.2. This can also be inferred from the relation
2κ/λ < 1 as shown in the second row of diagrams. We
checked that χ˜01 for this case annihilated in early universe
mainly through the s-channel exchange of a moderately
light singlet-like A1 to get an acceptable relic density.
As for Region II, one should note that the charged
Higgs boson is moderately light and consequently,
Br(th)(B → Xsγ) may deviate significantly from its
SM prediction. We checked that the ratio varies from
3.75× 10−4 to 4.2× 10−4 (In NMSSMTools, the theoret-
ical uncertainties is included in the calculation. So the
central value of Br(th)(B → Xsγ) is allowed to vary in
a broader range than its experimentally favored range).
We also checked that in this region H± is approximately
degenerated in mass with H03 and the doublet-dominated
CP-odd Higgs boson. In our analysis, we have included
the constraint on the neutral sector from the LHC di-
rect searches for extra Higgs bosons in terms of τ τ¯ final
state [90] through both the package NMSSMTools and
the package HiggsBounds.
To gain a sense of future detection potential of h1 via
the diphoton signal, in the left panel of Fig.3 we show
the diphoton rate σ14TeVγγ versus mh1 , which is similar
to Fig.1 but with
√
s = 14 TeV at the LHC. One can
learn that a general cross section enhancement of 2 ∼ 3
times can be achieved with the increased collision energy,
e.g. for mh1 around 80 GeV the diphoton signal rate can
reach about 160 fb instead of 70 fb at 8 TeV LHC. On the
right panel of Fig.3 we further compare the h1 diphoton
rate to its SM prediction. We can see that despite the
general suppression of the h1 couplings to SM particles,
an increased diphoton signal as large as 1.6 times can still
be achievable in the light Higgs mass region due to the
3 We emphasize that only samples with σ8TeVγγ ≥ 15 fb are shown
in Fig.2. If we do not consider such a requirement, the parameter
λ for experimentally allowed samples will span a wide range from
0.03 to 0.7, and χ˜01 can account for the measured relic density at
any value of λ [15]. We obtained this observation by intensive
and time-consuming scans. During the process we also noticed
that it was rather difficult to obtain nNMSSM samples satisfying
all the constraints, especially when one requires χ˜01 to fully ac-
count for the relic density. This reflects the fact that parameters
closely related to DM properties, such as λ, κ, tanβ and µ, must
collaborate properly to survive the constraints.
suppression of the h1 total width. Note that LHC as a
hadron collider suffers from large hadronic background,
and consequently the diphoton signal is usually the most
ideal channel to search for h1 in spite of the fact that
bb¯ is generally the dominant decay mode of h1. If the
diphoton signal is discovered in future with a moderately
large rate, Fig.3 can provide us useful information about
whether χ˜01 in the nNMSSM is capable of explaining all
the DM density.
Since future e+e− collider like Higgs factory TLEP
[91, 92] and CEPC [93] is very powerful in discovering
possibly new light Higgs, we study the process e+e− →
Zh1 followed by h1 → bb¯, γγ. In Fig.4, we show the
production rates of the two signals for the samples in
Fig.1. We present our results in term of the ratio of the
rate to its SM prediction which we would call normalized
signal rate hereafter. Note that these normalized signal
rates are independent of the collision energy. The left
panel indicates that the bb¯ signal rate of h1 is usually
strongly suppressed in comparison with its SM predic-
tion, reaching at most 7% for the samples we considered.
By contrast, the γγ signals have a signal ratio from mild
suppression to an enhancement of 1.1 as indicated by the
right panel. In order to estimate the sensitivity of the
collider to the signals, we recall that the expected preci-
sion of determining the bb¯ signal of the SM Higgs boson is
around 0.1% for TLEP [94] (due to the large production
rate of the signal as well as the clean background of the
collider), and that for the diphoton signal is at 3% level.
So if we assume the sensitivities to detect h1 signals to
be at the same order as those of the 125 GeV Higgs bo-
son, we can expect that most samples considered in this
section have an opportunity of being explored by both
the bb¯ signal and the diphoton signal at TLEP.
Apart from the direct searches for h1, one can also
constrain the nNMSSM parameter space via its corre-
lation with the properties of the SM-like Higgs boson
which will be measured to a high precision at future
e+e− collider (about 1.5% for h2γγ coupling and 0.5%
for the other couplings at TLEP [94]). In Fig.5 we show
various couplings of h2 normalized to its SM value with
the colors indicating the normalized rate for the process
e+e− → Zh1 → Zγγ to its SM prediction. Again, we use
the squares to denote the samples withmh1 = 98±3 GeV.
From the figure it is obvious that if future Higgs precision
measurement limits the normalized couplings within cer-
tain narrow regions, lots of currently available nNMSSM
samples will be excluded and the properties of h1 will be
further limited. This fact implies that the precision mea-
surement of the h2 couplings plays a complementary role
to the direct searches for the light Higgs h1 at the e
+e−
collider. Moreover, since the two methods are indepen-
dent, they can be used to crosscheck wether the NMSSM
is the right underlying theory for the light Higgs boson
once the existence of h1 is confirmed in experiment.
Before we end this section, we have the following com-
ments about our study:
• From previous description, it is obvious that we ac-
9tually repeated the work [57], where the constraints
from DM physics on nNMSSM were neglected. We
found that after including the constraints, more
than 90% samples in our repetition were excluded
and the allowed parameter region and the dipho-
ton rate were affected significantly. We thank the
authors of [57] for providing benchmark points in
their work for comparison.
• In order to crosscheck our results presented in this
section, we also performed same parameter scan by
the package SARAH [95] which employs the code
SPheno [96] as a spectrum generator. We found
that we can reproduce the results obtained by
NMSSMTools except that a longer time is needed
in calculation.
• The conclusion that the diphoton rate is strongly
limited after considering the DM constraints may
not be applied directly to other extensions of the
Z3 NMSSM. For example, in the general NMSSM
model more free parameters enter the mass matrix
for CP-even Higgs bosons and also that for neutrali-
nos [4]. Consequently, the parameter space which
predicts a suppressed h1bb¯ coupling may still be
compatible with DM observations and thus allow
for an enhanced diphoton rate. Detailed analysis
of this situation is beyond the scope of our work.
Another example is the case in which Z3 NMSSM
is embedded in gauge mediated SUSY breaking
framework (GMSB). In this scenario, light grav-
itino usually acts as DM candidate (see [97, 98] for
reviews and [99] for recent attempts) and it can
achieve correct relic density from a proper reheat-
ing history after inflation [100, 101] and/or from
NLSP decays [102–105]. Meanwhile, due to its
lightness and very weak couplings, the gravitino
DM is easy to evade current and future direct detec-
tion bounds. Since the DM physics is quite different
from that of the Z3 NMSSM discussed in this work,
its interplay with the diphoton rate should be very
weak.
IV. EXPLANATION OF 98 GEV EXCESSES IN
NNMSSM
In this section, we investigate whether nNMSSM can
explain simultaneously the 98 GeV excesses observed by
both LEP and CMS experiments. For this end, we first
extract the favored signal rates from the 95% C.L. ex-
pected and observed exclusion limits in [14, 16] with the
method introduced in [106], which are
µˆLEP = 0.117± 0.057, σˆ8TeVγγ = 41± 25 fb. (19)
Then we build the following χ2
χ2 =
(µLEP − 0.117)2
0.0572
+
(σ8TeVγγ − 41)2
252
(20)
to fit the excesses with the diphoton cross section σ8TeVγγ
in unit of fb. In Eq.(19), the first number on the right
side of each formula denotes the central value of the cor-
responding h1 signal, and the second number is the ex-
perimental uncertainty. The quantity µLEP is defined by
µLEP =
σNP(e
+e− → Zh1)
σSM(e+e− → Zh1)BR(h1 → bb¯), (21)
where σNP(e
+e− → Zh1) denotes new physics prediction
on the cross section of the process e+e− → Zh1 at LEP-
II.
In order to study the excesses in the framework of nN-
MSSM, we select some samples obtained in the scan with
mh1 = 98±3 GeV (here 3 GeV represents the theoretical
uncertainty of mh1), and project them on σ
8TeV
γγ − µLEP
plane. The results are given in Fig.6, where the colors
indicate how much χ˜01 constitutes the relic abundance
today. The horizontal and vertical blue dotted lines rep-
resent the central values of the two excesses respectively,
and the dashed lines are their 1σ lower bounds. We also
plot the boundary of the 1σ region favored by the excesses
(blue solid line), which corresponds to χ2 = 2.3 for two
degree of freedom. From the figure, one can learn that
in nNMSSM it is very difficult to produce the central
values of the two excesses simultaneously, even though
the central value of each excess can be reproduced sepa-
rately and there exist lots of samples which can explain
the excesses at 1σ level. We checked that two reasons
can account for this conclusion. On the one hand, as
we introduced in Section II, a large diphoton rate at the
LHC needs a suppression of Br(h1 → bb¯) and thus a sup-
pressed µLEP. On the other hand, since the property of
h1 is correlated with that of the SM-like Higgs boson h2,
the constraints on the properties of h2 from relevant LHC
data forbid the associated existence of a large σ8TeVγγ with
a moderately large µLEP.
Fig.6 also indicates that the samples with a low χ2 can
be classified into two categories by the value of σ8TeVγγ and
µLEP, which are
• Solution I: samples with σ8TeVγγ & 15 fb and µLEP .
0.06 (see discussion in Section 3);
• Solution II: samples with σ8TeVγγ . 10 fb and µLEP &
0.06.
In Table II, we list detailed information of four bench-
mark points for the excesses. Points P1 and P2 belong
to Solution I and they predict χ2 = 2.44, ΩLSP /Ω0 ' 1
and χ2 = 2.05, ΩLSP /Ω0  1 respectively. For these
two points, V11 tanβ+V12 in Eq.(9) is more suppressed so
that the normalized coupling Ch1bb¯ is significantly smaller
than the other couplings. However, a slight difference
between the two points comes from the mass scale of
the new Higgs doublet field mA. Point P1 corresponds
to a relatively small mA which usually implies a mod-
erately large V11. In this case a small tanβ is needed
for the cancelation between V11 tanβ and V12. On the
contrary, point P2 predicts a large mA and thus a small
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TABLE II. Detailed information of four benchmark points for the 98 GeV excesses. These samples are take from Fig.6 with
the χ2 as low as possible.
µLEP σ
8TeV
γγ ΩLSPh
2 λ κ tanβ MA mh1 Ch1tt Ch1bb Ch1γγ Ch1gg Ch1V V
P1 0.042 19.9 0.112 0.566 0.142 1.8 714.6 96.4 0.092 0.017 0.106 0.099 0.069
P2 0.063 14.2 0.001 0.124 0.059 12.7 1641.1 98.1 0.092 0.029 0.110 0.098 0.092
P3 0.110 7.4 0.110 0.030 0.014 22.9 1638.4 100.1 0.136 0.120 0.140 0.138 0.136
P4 0.115 7.6 0.001 0.028 0.009 17.0 1615.9 99.7 0.141 0.128 0.147 0.144 0.141
V11, in which case a large tanβ is necessary for the can-
celation. Points P3 and P4 belong to Solution II and
they have χ2 = 1.78, ΩLSP /Ω0 ' 1 and χ2 = 1.81,
ΩLSP /Ω0  1 respectively. These two points are char-
acterized by V11 ' 0 and as a result all normalized cou-
plings of h1 are roughly equal. In this case, both the bb¯
and γγ signal rate can be obtained from their SM pre-
dictions by multiplying the square of the common sup-
pression factor for the couplings.
Finally, we emphasize that so far point P3 can explain
the excesses in the best way, and at same time predicts
the right relic density of DM. For this point, the bb¯ signal
rate is around the central value of the Zbb¯ excess while
the γγ rate is somewhat small and just around 7 fb. On
the other hand, this point is at the edge of being excluded
by current LHC data of the SM-like Higgs boson, which
implies a potential tension of the LEP excess with the
125 GeV Higgs data.
V. CONCLUSION
As an attractive scenario, natural NMSSM (nNMSSM)
can predict one CP-even Higgs boson satisfying mh1 .
120 GeV and Higgsinos lighter than about 300 GeV. Con-
sequently the cross section for DM-nucleon scattering in
this scenario is usually quite large, which implies that
it will be tightly limited by the recent results of LUX
and PandaX-II experiments. In this work, we first scan
the parameter space of nNMSSM by considering various
experimental constraints systematically. One main im-
provement of our study over previous ones is that we
allowed the possibility of multiple DM candidates in the
Universe by not requiring χ˜01 to be responsible for all of
the measured DM relic density. We find that even with
such a relaxed condition, the constraint from DM physics
is still strong.
Next we considered the effect of DM physics on the
diphoton rate of the light Higgs. We find that the op-
timal value of the signal rate at 8 TeV LHC is greatly
reduced in comparison with earlier predictions. Taking
mh1 around 80 GeV as an example, the signal rate can
reach about 70 fb if one allows χ˜01 to constitute only a
small fraction of the thermal relic (less than 10%), and
it drops to about 25 fb when the full thermal relic is re-
quired. By contrast, the h1 diphoton signal rate can ex-
ceed 120 fb if one completely ignores the DM restrictions.
We also briefly studied the detection potential of the light
Higgs via the diphoton signal at future LHC and Higgs
factory, and observed that they have a good chance of
exploring some parameter space of nNMSSM.
Finally, we investigated to what extent nNMSSM can
explain the 98 GeV excesses observed by both LEP and
CMS experiments. We conclude that there exist lots of
samples which can explain the excesses at 1σ level, even
though nNMSSM can not produce the central values of
the two excesses simultaneously. The most favored sam-
ples of nNMSSM predict the central value of the Zbb¯
excess at LEP and a light Higgs diphoton rate at about
7 fb.
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FIG. 2. Samples in Fig.1 projected in different parameter planes. In left panels, colors denote the χ˜01 contribution to the thermal
relic ΩLSP /Ω0, and dots, triangles and squares represent samples with bino, higgsino and singlino as the main component
of χ˜01 respectively. In right panels, colors represent the magnitude of σ
8TeV
γγ , and squares correspond to the samples with
mh1 = 98± 3 GeV.
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FIG. 3. Same as the left panel in Fig.1 except that the vertical axes denote the diphoton rate at 14 TeV LHC. In the right
panel, the ratio σ14TeVSUSY /σ
14TeV
SM represents normalized diphoton rate where the cross section σ
14TeV
SM (pp→ h1 → γγ) is calculated
by assuming that h1 has the same couplings as those of the SM Higgs boson. Note that this normalized signal rates are
independent of LHC collision energy in our case where the gluon fusion dominates the h1 production.
FIG. 4. Similar to the right panel of Fig.3, but displaying the normalized rate for the process e+e− → Zh1 → Zbb¯ (left panel)
and e+e− → Zh1 → Zγγ (right panel). Note that these normalized rates are independent of e+e− collision energy.
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FIG. 5. Normalized couplings of the SM-like Higgs boson h2 for the samples in Fig.1 with colors denoting the normalized
diphoton rate at futuer e+e− collider. This figure reflects the correlation of the h2 couplings with the h1 diphoton rate at e+e−
collider.
FIG. 6. nNMSSM explanation of the excesses observed by the LEP and CMS experiments where the colors denote the fraction
of χ˜01 constituing the total DM. The horizontal and vertical blue dotted lines represent the central values of the two excesses
respectively, and the dashed lines are their 1σ lower bounds. The boundary of the 1σ region for the excesses is also plotted as
blue solid line.
